Elucidating the profile of extracellular integral membrane proteins on live cells is vital for uncovering diagnostic disease biomarkers, therapeutic agents and drug receptor candidates. Exploring the realm of these proteins has proved to be an intricate task, mainly due to their hydrophobic nature and low abundance. Furthermore, the level of purity achieved by classical methods of purification and cell fractionation is insufficient. These restrictions pose major limitations for gel electrophoresis or chromatography-based separation techniques as the preferred methodologies for high-throughput analysis. Mass spectrometry has alleviated most of the difficulties in the identification of proteins in general; however, the Achilles' heel is still the isolation and separation of membrane proteins. In order to circumvent these limitations, a high-throughput platform has been devised, whereby proteases are applied to whole intact living cells. The resulting peptide fragments are then analysed by liquid chromatology followed by tandem MS (LC-MS/MS) technology to provide a detailed profile of proteins exposed on the surface of the plasma membrane. This kind of protein trimming offers the advantages that no prior manipulation or fractionation of the cell is required, contaminating proteins are remarkably reduced and the procedure is adequate for high-throughput purposes. This method, referred to as PROCEED (PROteome of Cell Exposed Extracellular Domains) is compatible with isotope labelling techniques which facilitate comparative protein expression studies. The methodology is extendable to all cell types including yeast and bacteria. Finally, the advantages and the limitations of PROCEED are discussed in view of other current technologies.
INTRODUCTION
All cell functions rely on a strict separation between the internal and external environments. This is primarily achieved by the physical properties of the plasma membrane (PM) and the proteins therein. Despite the indispensable role of these proteins, they seem to be disproportionately under-characterised from biochemical, topographical and structural perspectives. This stems from two dominant characteristic traits of this set of proteins: (1) the hydrophobic nature of the domains that transverse the membrane and (2) the generally low abundance of these proteins. Considering the fact that these proteins are fundamental in defining the physiological state of the cell by performing functions such as signal transduction, cell-cell contact, the selective transport of molecules and other essential functions, there is a real need to establish a better understanding of the global expression profiles of these proteins. The significance of PM proteins in drug discovery and drug development is evident by the fact that about two-thirds of all drug targets are directed towards these proteins. 1 Furthermore, peptides and antibodies targeted to cell surface proteins have become instrumental in diagnosis and clinical treatment. The advent of protein identification by mass spectrometry (MS) techniques transformed a previously laborious task into an easily achievable one. Nonetheless, the isolation, solubilisation and separation of integral proteins, which are prerequisites for their identification, still represent a bottleneck in the process of defining the PM proteome (PMEP).
Technological advances in the field of biology during the past decade have enabled cellular research to explore changes on a wide scale, providing an insight into biological processes at the proteomic level. Two mainstream approaches have emerged in conducting wide-scale studies: gel electrophoresisbased and liquid chromatography (LC)-based technologies. 2 While these methods are widely used in whole cell proteome research, further developments and refinements are necessary if several technological and conceptual hurdles are to be overcome; these have so far limited our ability to perform a meaningful analysis of the PMEP.
This discussion focuses on outer membrane proteins that contain one or more domains that are exposed to the extracellular milieu.
CHARACTERISATION OF PLASMA MEMBRANE PROTEINS
Plasma membrane proteins can be subdivided into several classes according to the nature of their membrane association and consequently the mode of their solubilisation: (i) Single-pass transmembrane proteins which belong to the type I or type II class of membrane proteins; (ii) Multipass integral proteins that transverse the membrane at least twice. This class of proteins contains a hydrophobic domain, usually 18-25 amino acids long, forming an AE-helix with hydrophobic groups oriented towards the lipid bilayer. Although not represented in eukaryotes, âÀbarrels structures are found embedded in membranes of bacteria; (iii) Proteins that are associated with the extracellular face of the cell. This class is subdivided into those attached by ionic interactions to the phospholipid head groups of the lipid layer and those attached via ionic protein-protein interactions. Both subclasses can dissociate from the membrane by altering the pH or the ionic strength of the solution. From a biochemical perspective, these proteins are readily soluble. An example of such a protein is the â 2 -microglobulin which attaches to the heavy chain of MHC class I protein; (iv) Extracellular proteins associated via a lipid moiety. This group of proteins is anchored to a hydrophobic peptide through a phosphatidyl inositol to a glycan structure. Phospholipases are applied releasing this class of proteins. Examples of such proteins are alkaline phosphatase and acetylcholine esterase; (v) Secreted extracellular proteins whose environment is the extracellular space and which are not membrane bound by any means. The integral membrane proteins contain lipophilic domains that pose a major obstacle to dissolution in aqueous solutions. Such solubilisation steps are unavoidable for proceeding to either gel electrophoresis or any LC separation procedures.
Only classes (I) and (II) are genuine integral membranous proteins. The other classes are readily soluble in the extracellular realm and will not be discussed further.
A fundamental shortcoming in the identification of integral membrane proteins is the lack of a uniform solubilisation procedure. The complexity arises from the heterogeneous character of these proteins. The features of these proteins vary in the number of membrane-spanning helices (from one to 15), the ratio of membrane hydrophobic embedded domains to soluble intra-and extracellular portions and the number of modifications, such as glycosylations, that contribute to protein solubility. Furthermore, just as eukaryotic membrane proteins transverse the membrane as AEÀhelixes, âÀsheets dominate the prokaryotic integral membrane proteins. In addition, the lipid PMEP defines the plasma membrane proteome of a living cell Proteins are grouped by the nature of their association with membranes bilayer of the PM is far from being homogeneous, as regions of high cholesterol, caveolae-rich domains and lipid rafts drastically affect protein concentrations and compositions. 3 All of these characteristics lead to differential (sometimes unpredictable) solubilisation propensities. Even if the membrane has been completely solubilised, however, the story is still not over and an appropriate separation method should be applied.
The advantages and disadvantages of two of the most commonly used separation methods, the two-dimensional electrophoresis (2DE) and multidimensional LC methods, in identifying integral membrane proteins will now be addressed.
PROTEIN SEPARATION AND IDENTIFICATION TECHNIQUES 2D gel electrophoresis
Since the inception of 2DE about 30 years ago, the field has undergone a revolution with the introduction of immobilised pH gradient gels. 4, 5 These gels are easy to handle, highly reproducible and resolution on narrow pH ranges is attainable. 6 The method is ideal for resolving large numbers of proteins and detecting post-translational modifications. 7 Many modifications, such as phosphorylation, result in a shift of pI, giving rise to a set of protein spots. Sophisticated comparative gel imaging programs, coupled with automated spot picking and digestion procedures, has turned 2D technology into a robust highthroughput method. 8 
Solubility
Much effort has been devoted to developing optimal methods for dissolving integral membrane proteins. The most frequent method of dissolving membrane proteins is the use of ionic detergents such as sodium dodecyl sulphate (SDS). In order to analyse protein samples on 2D gels, however, the proteins must be soluble in an aqueous solution with minimal ionic content. Therefore, solubilisation reagents using urea-based solutions with non-ionic detergents, such as triton X-100 and CHAPS, are selected. The primary effort has been directed towards developing and selecting chaotropic agents, detergents, [9] [10] [11] and organic solvents.
12,13
Abundance
In mammalian cells, the ratio of membranous to cytosolic proteins is low. proteins is limited, resulting in an a priori biased representation of the PMEP.
Liquid chromatography
LC can provide a convenient solution for the above problems. This process includes peptide/protein separation using different chromatographic media, such as reversed phase, cation/anion exchange and hydrophobic interaction columns.
14 Combinations of these columns provide high-resolution, multidimensional separations of peptide and protein mixtures. There are several modifications of this technique. In the online approach, the protein mixture undergoes enzymatic treatment to produce a complex peptide mixture. The second phase is a multicolumn chromatographic separation followed by analysis using tandem MS (MS/MS).
Evaluation of separation methods for studying the membrane proteome
Attempts to apply 2DE and LC separation techniques to integral membrane proteins in a high-throughput fashion have been reported. 15, 16 While the 2DE method is successfully applied in many aspects of proteomics research, at present, satisfactory results are limited to secreted and soluble proteins and to the study of bacterial proteomes. 4, 5, 17 Both techniques (2DE and LC) are convenient methods for analysing complex protein and peptide mixtures. The success of the two strategies in resolving integral membrane proteins is dependent mainly on the initial membrane solubilisation procedure. To this end, the LC method is advantageous, as it is compatible with a wide variety of buffers, ions solvents and detergents, while the 2DE application is limited to the use of mild, non-ionic detergents and extremely low concentrations of salt ions.
A critical difference between the LC and the 2DE methodology is in the protein fragmentation step. In LC methodology, this step is conducted prior to the separation stage. Consequently, each protein is represented by a number of fragments all belonging to the same protein. This drastically increases the probability that at least some fragments will be soluble under the experimental conditions and will be available for the following MS/MS phase.
It seems that, for large-scale proteomic research, the utility of 2DE technology will mainly be restricted to the study of soluble and secreted proteomes, while multidimensional LC conjugated with MS/MS will dominate the research of membrane proteome.
Mass spectrometry
Large-scale protein identification and analysis could not be possible without the advanced MS techniques. During the past decade, several such methods have emerged. MS analysis of peptides and proteins depends primarily on soft ionisation techniques that create gas-phase ions from biomolecules, thus enabling accurate measurement of molecular weight.
In brief, two routinely used MS methods are the electrospray ionisation (ESI) and matrix-assisted laser desorption/ ionisation (MALDI) methods. MALDI is provided by laser energy, which is applied to peptides (or proteins) co-crystallised with small ultraviolet absorbing molecules. Ionisation occurs due to proton transfer from the protein sample to the matrix. ESI produces charged solvent droplets, which release ions under drying conditions. This method uses a stream of solvent, and therefore can be easily coupled to a high-performance liquid chromatography (HPLC) instrument. The main operational mode of ESI is a nanoelectrospray (the flow rate is approximately 20-100 nl/min) in which very small sample amounts can be successfully analysed.
Peptide identification and database searching
In the final separation steps, whether performed by 2DE or by LC, the peptide mixture is analysed using MS/MS. As an Liquid chromatography separation techniques outperform 2D-gel electrophoresis for membrane proteins alternative, an offline method is used, whereby the peptide mixture first undergoes separation, is treated with proteolytic enzymes and is finally analysed by MS. Both variations on the technique provide a convenient method for analysing complex mixtures containing low-abundance proteins, proteins with exceptionally high or low pI, high or low mass, as well as highly hydrophobic proteins. The final step of most MS experiments is the database searching of the resulting mass spectra. Several search algorithms are available, allowing highthroughput database searching techniques.
Following this brief technical survey, some recent achievements in identification of integral membrane proteins on a large-scale will now be summarised.
UNVEILING MEMBRANE PROTEOMES
Proteomic studies on integral membrane proteins were performed on mammalian tissue, isolated cell lines, yeast and bacteria. Significantly, all of these studies adopted the chromatography platform, exploiting the tactical advantage of digesting proteins prior to their isolation.
In a benchmark study, Wu et al. used a combination of high pH conditions and proteinase K (PK) treatment to fragment both soluble and membrane proteins. The source of the proteins for this large-scale test was either unfractionated rat brain or enriched liver Golgi membranes. 18 The method resulted in the identification of 1, 610 rat brain proteins, of which 28.2 per cent were membranous according to protein annotation and computational prediction algorithms.
Washburn et al. began deciphering the yeast membrane proteome. 19 The source of proteins for this analysis was an enriched yeast membranous fraction that was solubilised with 90 per cent formic acid in the presence of cyanogen bromide. Further proteolysis was achieved following neutralisation and application of LysC and trypsin. In the study by Washburn et al., 1,484 yeast proteins were detected, out of which only 131 were authentic integral membrane proteins.
An additional level of sensitivity was achieved by Han et al. In their experiments, the microsomal fraction of human myeloid leukaemia (HL-60) cells was covalently labelled with isotopecoded affinity tag (ICAT) reagent and the labelled preparation was then trypsinised and subjected to an MS identification scheme. 20 Using 21 The bacterial membrane fraction was treated in a sequential solubilisation protocol including heating, high pH extraction, organic solvent-assisted solubilisation and, finally, trypsinisation. In this study, 503 proteins were isolated, of which 135 were predicted as genuine transmembrane proteins.
All of these studies show an unprecedented success in identifying membranous proteins. Despite the relatively low coverage, the strength and potential of the LC strategy is evident.
Using multidimensional LC, the authors have devised a method and a working protocol for identifying the PMEP. More specifically, they focused on the extracellular and exposed regions in PM proteins. In their method, they are able to circumvent the problems of cell disruption, membrane enrichment and integral membrane protein extraction encountered in other studies. The method is based on a mild proteolytic cleavage of the outer membrane proteins on intact live cells, followed by multidimensional LC analysis and an MS identification scheme. This method is designed for mammalian cells growing in culture and is referred to as PROCEED (PROteome of Cell Exposed Extracellular Domains).
Large-scale membrane proteomic studies are still in their infancy
EXPERIMENTAL DESIGN: PROCEED
The objective of the authors' method is to selectively release and collect the extracellular domains of membrane proteins, whether integral or peripheral. Live mammalian cells are cultured in tissue culture flasks and rinsed to remove secreted and contaminating serum proteins. Proteases of choice (see below) are introduced to the medium to cleave exposed extracellular proteins in a process referred to as 'shaving'. The choice of protease and conditions of incubation can be varied to attain the desired size of peptide fragments. Interestingly, different cell types show a large variation in the conditions required for optimal 'shaving', presumably reflecting differences in the type and extent of glycosylation, as well as variations in the abundance of cell adhesion proteins on the cell surface. 'Shaving' proteins from the cell membrane is performed in mild conditions, thus dissociating the exposed domains in their native conformation. In most instances, only limited cleavage by the protease occurs (Figure 1) , reflecting the fact that many susceptible sites for cleavage are masked due to the high degree of glycosylation, the globular nature of extracellular domains and/or the potentially tight cell-cell and cell-matrix protein interactions. Treatment with a mixture of glycosidases prior to, or in parallel with, the 'shaving' protocol resulted in a limited enrichment in the amounts and composition of cleaved domains; however, the inaccessibility of glycosidases to their cleavage sites suggests that highly glycosylated domains may be under-represented in the authors' analysis.
The most critical step in the authors' protocol is to achieve maximal representation of the PM-exposed extracellular domains while avoiding damage to the treated cells. It is essential to maintain the integrity of the PM, as intracellular contamination may override the selective collection of peptides that are authentic extracellular regions. In order to test and tune the experimental conditions of PROCEED, the authors applied their protocol to yeast spheroplasts (following removal of the cell wall). In the yeast model, the number of expected membrane proteins is limited and the topology for many of them has been verified. Annotation obtained from the Gene Ontology database, as well as from yeast-specific databases (such as the Yeast and Protein Database) yielded a cellular compartment assignment for the majority ($76 per cent) of the yeast proteome. 22 Consequently, the composition for yeast membrane proteome and the subset of PMEP extracellular domains is fairly well defined.
Various proteases, differing in their level of specificity, were applied to yeast spheroplasts. The authors had previously tested the efficiency of proline endopeptidase, Staphylococcus aureus V8 protease, chymotrypsin (both low and high specificity), trypsin, PK and their mutual combinations to optimise the average size and the total amount of 'shaved' fragments. Note that yeast spheroplasts are single cells and thus lack any of the cell-cell or cell-matrix protection that occurs in mammalian cell adhesive cultures. Following calibration to reduce the level of contaminants (mostly high abundant cytoskeletal and heat shock proteins), the degree of cell disruption caused by the proteolytic treatment was negligible and comparable to the background level of untreated culture. Sampling the 'shaved' peptides using MS/MS technology revealed many of the genuine membrane proteins (mostly transporters and ATPases). The topology of the peptides identified by MS/MS was tested and, indeed, ensured the validity of PROCEED to unveil not only the localisation of proteins on the PM but also their expected membrane topology.
The choice of protease at this stage favoured the use of low-specificity proteases such as PK or papain, leading to maximal protein coverage. Indeed, even following treatment with PK, one of the PROCEED stands for PROteome of Cell Exposed Extracellular Domains PROCEED is a methodology for the study of cell surface proteins of mammalian living cells most potent proteases, the average size of the resulting peptides was in the appropriate range (5,000 to 30,000 daltons) for analyses by classical MS methodologies. The medium containing all the peptides originating from the extracellular domains of PM proteins was then collected. The protease that was present during the 'shaving' stage was inactivated by the addition of specific inhibitors and then removed by inhibitorimmobilised affinity depletion.
The peptide mixture at this stage was a crude representation of the PM exposed domains; however, due to the masking effect of associated secreted proteins, Figure 1 : Release of extracellular exposed domains from plasma membrane proteins by a proteolytic treatment on live cells. The integral membrane proteins represented contain exposed domains. The illustration mimics the first stage in PROCEED, in which a non-specific protease is supplemented and, according to the accessibility of the cleavage sites, a set of peptides is obtained for further analysis (see text). Left: a soluble protein is cleaved by the lowspecificity protease. This protein is included in the analysis due to its direct interaction with an authentic integral membrane protein. Middle: the exposed domain is heavily glycosylated and thus the potential protease cleavage sites are masked. Right: some of the extracellular loops in a multipass integral membrane protein are susceptible to proteolytic cleavage. Note that only a loop that has more than one cleavage site is released to the medium. The resulting postcleavage peptides are shown. The B symbol indicates an in vivo biotin label. An affinity purification of the biotin-labelled peptides following solubilisation of the PM membrane increases the coverage of the peptides analysed and therefore the validity of protein membrane topology determination many of the potential trypsin cleavage sites remained uncleaved. To achieve efficient cleavage, the mixture of peptides and protein fragments must be fully denatured in the presence of urea-based denaturants (8M) combined with a low level of ionic detergent (ie 0.1 per cent SDS) before being cleaved to completion with an MS grade trypsin. Such a recleaving protocol was performed following dilution (by 4-5-fold) of the denatured peptide mixture.
The enzyme-digested peptide sample was then loaded on to a column connected to an HPLC instrument. Samples were eluted by multistep gradient elution using an acetonitrile:formic acid:ammonium acetate buffer. The eluted peptides were then electrosprayed directly into an ESItime-of-flight (TOF)-MS. A full mass scan was recorded and the most prominent peptide profiles were selected for identification. In a routine scan the authors were able to detect a few hundred well separated peptides that were further analysed. Routinely, they applied a reversed-phase method based on hydrophobic separation; however, in instances where the initial protein mixture suggested a high complexity (as revealed by the HPLC profile), additional steps of cation and anion exchange chromatography were included. Such additional steps significantly increased the success of peptide identification.
The MS/MS spectra were then analysed using the Mascot and ProteinProspector softwares against a custom-based membrane protein database. Such a database was constructed from experimentally established and predicted membrane proteins. This specialised database facilitates protein identification and analysis by improving the match score of the peptides. The peptides identified as having posttranslational modifications are then evaluated manually, including additional searches in order to increase the reliability of the analysis.
A flowchart of the PROCEED protocol is presented in Figure 2 .
MEMBRANE TOPOLOGY DETERMINATION
The authors applied PROCEED to detect surface proteins on undifferentiated embryonal carcinoma P19 cells. 23 In one representative experiment, approximately 30 proteins were identified with high confidence. The power of PROCEED to suggest protein topology will now be demonstrated by discussing one specific case of a protein belonging to the tensin family. Most of the currently known tensin-related proteins are associated with enzymatic activity of phosphatase. Consequently, they are assumed to be involved in intracellular signalling, although their subcellular localisation has not been experimentally verified.
A protein annotated 'tensin, putative protein-tyrosine phosphatase, EC 3.1.3.48', with a clear membranous nature, was identified using the PROCEED protocol in two independent experiments. The peptides are best matched with a putative transmembrane tyrosine phosphatase protein (Swissprot: TPTE_HUMAN, 551 aa), which is a testis-specific gene. The identified peptides were all associated with the most C-terminal third of the protein. A very close mouse homologue is known (gi|14787415, 664 amino acids). While no information is available for the mouse homologue, the human protein is predicted as a membrane protein, which potentially functions in mitosis by controlling cell division. The authors proposed that the protein identified in the P19 cells is presented on the surface of the cell rather than on internal membranes, as expected from the putative role in nuclear function.
Interestingly, applying state of the art prediction methods (available online at http//www.expasy.org/tools/) for determining protein topology resulted in conflicting predictions, as summarised in Table 1 .
PROCEED can be applied generically to isolated cells, dissolved tissues or microdissected clinical samples PROCEED can be used to determine membrane topology of proteins
ADVANTAGES OF PROCEED
Aside from the high-throughput benefit of the PROCEED method, there are numerous other advantages to this approach. First, the isolation of extracellular integral proteins, a major obstacle in any membrane protein research, is circumvented. Secondly, peripheral extracellular proteins bound by weak interactions are lost during preparation of plasma membranes by standard protocols; however, the PROCEED procedure retains these elusive proteins (Figure 1) . Similarly, proteins or peptides involved in proteinprotein interactions at the cell surface can be identified. In instances where peripheral proteins are undesirable, a more rigorous washing procedure can be adopted prior to the protease 'shaving' step. Thirdly, since no cell disruption is involved in the preparation, a major pitfall of contamination is removed. Most classical purification methods require several tedious purification steps to reach significant enrichment of PM relative to a crude membrane fraction. Fourthly, an unambiguous determination of membrane topology may be achieved even if a relatively small number of peptides are obtained from MS/MS. This is also true for multipass membrane proteins, where an unambiguous topology can be determined based on an anchor for the 'in-out' orientation. 24 Finally, since the outcome of the PROCEED protocol is a relatively restricted set of proteins for a specific genome, only a limited set of proteins are considered in the data analysis 
LIMITATIONS OF PROCEED
PROCEED, in its simplified mode, has some inherent differences by comparison with the method referred to as 'non-gel shotgun method'. 25 While both methods deal specifically with membranous proteins, a major limitation of PROCEED is the relatively low coverage. There are several reasons for the low coverage. First, not all extracellular proteins are cleaved due to native conformation or glycosylation protection (Figure 1 ). It is known that intracellular domains of integral proteins are more susceptible to proteolytic cleavage. Secondly, the lack of intracellular domain representation excludes analysis of intracellular modification such as phosphorylation. Thirdly, only a partial protein topology can be deduced for the outer membrane domains. For example, in cases where there is only one cleavage site in a loop connecting two transmembrane domains, no peptide will be released for analysis (Figure 1) . It is thus clear that information attained by the intracellular domains is critical to complete the picture.
The authors have developed a complementary setting to PROCEED in which the cells are exposed to a nonpermeable biotin reagent before being treated by proteases. 26 Such a procedure will achieve an in vivo exhaustive biotin labelling of PM proteins (Figure 2) . The biotin will also label the immediate extracellular interacting proteins ( Figure  1 ). The use of PROCEED in combination with biotin-labelled PM proteins increased coverage and the peptide representation of PM-exposed proteins by two-to three-fold. Separation of the biotinylated proteins by 1DE (or 2DE) followed by MS/MS identification on all biotin-labelled bands (or spots) was essential to confirm the membrane topology and to increase the coverage of the PM proteins having exposed domains.
experimentally the topology of an integral membrane protein is essential for developing drugs, toxins, antibodies and other pharmacological agents. 27, 28 The potential in several areas of highthroughput proteomic analysis has not been fully explored. Post-translational modifications, particularly glycosylation, play an important role in the functional analysis of membrane proteins. 29 Although substantial difficulties are inherent, PROCEED is a suitable technique with which to pursue such endeavours. Combining the elementary mode of PROCEED with in vivo tagging of the PM proteins (ie biotin) turned out to be very powerful. Furthermore, quantitative differential expression of membrane proteins has not yet been attempted on a large scale; the use of the membrane protein isotopic labelling technique combined with PROCEED will make this possible. The immediate motivation for such a comparative study is to unveil the exposed domains of PMEP in a diseased versus healthy cell; in a fully differentiated versus embryonic cell; in a transformed versus quiescent cell; and in control cells and cells exposed to an apoptotic signal or various pharmacological treatments.
